SUMMARY: The isolated two-inductor boost converter with an auxiliary transformer has been
INTRODUCTION
The isolated two-inductor boost converter with an auxiliary transformer has been previously developed by introducing an additional auto transformer to the original two-inductor boost converter (Wolfs, 1993; Jang & Jovanovic, 2001; Jang et al, 2005) . In this converter, the auxiliary transformer has a unity turns ratio and couples the two currents in the two input inductors (Jang & Jovanovic, 2001; . This topology is suitable for the applications such as uninterrupted power supplies and grid interactive photovoltaic (PV) converters, where a large difference between the input and the output voltages exists.
In the hardware design of the isolated two-inductor boost converter with an auxiliary transformer, a significant barrier to increasing the switching frequency is the leakage inductance of the isolation transformer as it causes severe voltage ringing on the two primary switches (Jang & Jovanovic, 2002) . In the hard switched operation, higher than normal voltage stresses exist on the two primary switches and the energy stored in the transformer leakage inductance is dissipated in the primary switches. Therefore reasonable converter effi ciencies cannot be maintained under high frequency operations. One possible solution is to create a resonant tank in the converter to actively utilise the leakage inductance of the isolation transformer (Wolfs & Li, 2002) . This results in the isolated zero-voltage switching (ZVS) two-inductor boost converter with an auxiliary transformer as shown in fi gure 1.
The hardware implementation of the isolated ZVS two-inductor boost converter with an auxiliary transformer, however, does require a large component count especially due to the requirement of fi ve separate magnetic components. Seven copper windings and fi ve magnetic cores are used in the converter, which are accounted for the bulk, weight and cost (Bloom, 2003) . Since the auxiliary transformer in the converter shown in fi gure 1 couples the two input inductors, a variation can be developed as shown in fi gure 2, where a direct coupling is produced between the two input inductors. An integrated magnetic structure has been previously proposed for the hard-switched converter with two coupled input inductors (Yan & Lehman, 2003; Gao & Ayyannar, 2004; Li & Wolfs, 2005a) . In that structure, both magnetic core and winding integration technologies are employed (Bloom & Severns, 1984; Chen, 1998) . This paper proposes the magnetic integration for the isolated ZVS two-inductor boost converter with two coupled input inductors as shown in fi gure 3. In this new topology, the resonant inductor is purely realised by the transformer leakage inductance and the fi ve separate magnetic devices are integrated into four copper windings on a single magnetic core. Therefore, both the component count and the interconnections between the copper windings can be signifi cantly reduced. Through the analyses of the switching states and the magnetic circuits, it is confi rmed that the operation of the ZVS converter with the integrated magnetics can be fully established by investigating its equivalent circuit model with the discrete magnetics. Both the theoretical and the experimental waveforms of a 1 MHz 100 W converter are provided at the end of the paper to verify the theoretical analysis.
Figure 1: Isolated ZVS two-inductor boost converter with an auxiliary transformer and discrete magnetic structures.
Isolated ZVS two-inductor boost converter with two coupled input inductors and discrete magnetic structures. Isolated ZVS two-inductor boost converter with two coupled input inductors and an integrated magnetic structure.
ISOLATED ZVS TWO-INDUCTOR BOOST CONVERTER WITH TWO COUPLED INPUT INDUCTORS AND DISCRETE MAGNETIC STRUCTURES
In figure 3 , the two windings on the converter primary side are employed as both the input inductor and the transformer primary windings. This arrangement presents signifi cant diffi culties to the converter analysis. In order to simplify the analysis of the converter with an integrated magnetic structure shown in figure 3 , its equivalent model with a discrete magnetic structure must be fi rst established. Therefore, the switching states of the converter with discrete magnetics shown in fi gure 2 will be analysed. To be consistent with the topology shown in fi gure 3, the resonant inductance is relocated to be in series with the transformer secondary winding as shown in fi gure 4. In fi gure 4, L 1 = L 2 = L is the input inductance, C 1 = C 2 = C r is the resonant capacitance, L rs is the resonant inductance referred to the transformer secondary side, and N p and N s are, respectively, the numbers of turns of the transformer primary and secondary windings.
The converter shown in fi gure 4 will go through four switching states in one switching period. Assume that L ms is the transformer magnetising inductance referred to the secondary side, the derivatives of the converter instantaneous input and transformer secondary currents can be obtained as follows (Li & Wolfs, 2005b) :
In equations (1) to (4), the coefficient K j = ±1 depending on the specifi c switching state, where j = 1, 2, 3. In State 1, Q 1 is off and Q 2 is on. The current derivatives can be described by equations (1) and (2), where
In State 2, Q 1 and Q 2 are both on. The current derivatives can be described by equations (3) and (4), where K 3 = −1. In State 3, Q 1 is on and Q 2 is off. The current derivatives can be described by equations (1) and (2), where K 1 = +1 and K 2 = −1. In State 4, Q 1 and Q 2 are both on. The current derivatives can be described by equations (3) and (4), where K 3 = +1.
MAGNETIC INTEGRATION ANALYSIS
In this section, the magnetic circuit of the integrated magnetic structure shown in figure 3 will be analysed in order to obtain the equivalent input and the magnetising inductances of the isolated ZVS two-inductor boost converter with the magnetic integration.
The magnetic circuit of the integrated magnetic structure shown in fi gure 3 is shown in fi gure 5, where ℜ o and ℜ c are, respectively, the reluctances of the outer and centre core legs, and φ 1 , φ 2 and φ c are, respectively, the instantaneous fl uxes in the individual core legs. The magnetic circuit is valid for the entire switching period due to the existence 
Figure 4:
Isolated ZVS two-inductor boost converter with the resonant inductor relocated to the transformer secondary side.
of the resonant capacitors C 1 and C 2 . According to Kirchhoff's current law (KCL), the fluxes in the individual core legs can be calculated as:
Applying Faraday's Law to the four windings in the converter shown in fi gure 3 yields:
The currents in the two primary windings and the fl uxes in the three core legs in the converter shown in fi gure 3 are, respectively, governed by the following equations:
In order to obtain the equations of the derivatives of the converter instantaneous input and transformer secondary currents in the converter shown in fi gure 3 in the corresponding formats as equations (1) to (4), two inductance values can be defi ned as follows:
Manipulations of equations (5) to (13) yield equation (4) and the following equations: 
In equations (4) and (16) to (18), the coefficient K j = ±1 depending on the specifi c switching state, where j = 1, 2, 3. In State 1, Q 1 is off and Q 2 is on. In this state, the additional circuit constraints are v C2 = 0 and i Q1 = 0. The current derivatives can be described by equations (16) and (17), where K 1 = −1 and K 2 = +1. In State 2, Q 1 and Q 2 are both on. In this state, the additional circuit constraints are v C1 = 0 and v C2 = 0. The current derivatives can be described by equations (18) and (4), where K 3 = −1. In State 3, Q 1 is on and Q 2 is off. In this state, the additional circuit constraints are v C1 = 0 and i Q2 = 0. The current derivatives can be described by equations (16) and (17), where K 1 = +1 and K 2 = −1. In State 4, Q 1 and Q 2 are both on. In this state, the additional circuit constraints are again v C1 = 0 and v C2 = 0. The current derivatives can be described by equations (18) and (4), where K 3 = +1. Comparisons of equations (16) to (18), respectively, with equations (1) to (3) yield:
Equations (19) and (20) imply that the input inductances are related to the reluctances of both the outer and the centre core legs, and the magnetising inductance is inversely proportional to that of the centre core leg only. In this magnetic structure, the centre core leg can be gapped to store the energy in the input inductors. The outer core legs can also be gapped but this is not a must. If the centre core leg is the only gapped leg, the input inductances can be estimated to be inversely proportional to the reluctance of the centre core leg as ℜ c >> ℜ o in this case. A bonus of gapping the centre core leg only is that it provides a close coupling for the two input inductor windings.
RESONANT STATE ANALYSIS
According to the magnetic circuit analysis in section 3, the ZVS converter with the integrated magnetics shown in fi gure 3 can be modelled by that with discrete magnetics shown in fi gure 4. To be close to the resonant capacitors, the resonant state analysis is conducted with the resonant inductance referred to the transformer primary side. A summary of the resonant state analysis within one complete switching period is provided in table 1, where L r = N p 2 L rs /N s 2 . In the analysis, the input inductor and the output capacitor are assumed to be large enough that they can be respectively modelled by the current source 
THEORETICAL AND EXPERIMENTAL WAVEFORMS
In order to verify the theoretical analysis, a prototype converter with 20 V input, 340 V output and 100 W power rating was built in the laboratory as shown in fi gure 6. The parameters of the selected operating point are listed as follows:
• k = 1.1, Δ 1 = 0 and V d /E = 2.15.
• L r = 2.80 μH and C r = 7.85 nF.
• Device switching frequency is 500 kHz or the converter switching frequency is 1 MHz.
• Switching duty ratio is 61.6%. 
Resonant state Circuit diagram Resonant capacitor voltages and resonant inductor current
State (b) (t 1 ≤ t ≤ t 2 ) C 1 linearly charges
State (c) (
State (e) (t 4 ≤ t ≤ t 5 ) Q 2 turns off when
State (f) (t 5 ≤ t ≤ t 6 ) C 2 linearly charges
State (g) (t 6 ≤ t ≤ t 7 ) C 2 resonates with L r
(34)
(35) Figure 6 : Photo of the prototype converter.
The theoretical waveforms can be plotted using equations (21) to (35) for the selected operating conditions and are shown in fi gure 7. In the hardware implementation of the isolated ZVS two-inductor boost converter with the integrated magnetic structure, the following main components are used: Theoretical waveforms.
• Integrated magnetic structure -core type Ferroxube ETD39 with a 0.5 mm air gap in the centre core leg, minimum cross section area 123 mm 2 (Ferroxcube, 2004) , ferrite grade 3F3, primary winding N p = 4 turns, secondary winding N s = 16 turns, leakage inductance refl ected to the top and the bottom primary windings are, respectively, 2.73 μH and 2.69 μH.
• 
CONCLUSIONS
This paper studies the isolated ZVS two-inductor boost converter with two coupled input inductors and one magnetic core. This topology operates in the same way as the isolated ZVS two-inductor boost converter with an auxiliary transformer but reduces the seven copper winding and fi ve magnetic core components to a single core with four copper windings. The analysis of the new converter can be performed with its equivalent model with discrete magnetics. The theoretical and the experimental waveforms of a prototype 1 MHz 100 W converter are provided at the end of the paper to verify the theoretical analysis. 
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